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1. Introduction
Carbon nanotubes describes a specific topic within solid-state physics, but is also of interest in
other sciences like chemistry or biology. Actually the topic has floating boundaries, because
we are at the molecule level. In the recent years carbon nanotubes have become more and more
popular to the scientists. Initially, it was the spectacularly electronic properties, that were the
basis for the great interest, but eventually other remarkable properties were also discovered.
The first CNTs were prepared by M. Endo in 1978, as part of his PhD studies at the Universi‐
ty of Orleans in France. Although he produced very small diameter filaments (about 7 nm)
using a vapour-growth technique, these fibers were not recognized as nanotubes and were
not studied systematically. It was only after the discovery of fullerenes, C60, in 1985 that re‐
searchers started to explore carbon structures further. In 1991, when the Japanese electron
microscopist Sumio Iijima [1] observed CNTs, the field really started to advance. He was
studying the material deposited on the cathode during the arc-evaporation synthesis of full‐
erenes and came across CNTs. A short time later, Thomas Ebbesen and Pulickel Ajayan,
from Iijima's lab, showed how nanotubes could be produced in bulk quantities by varying
the arc-evaporation conditions. However, the standard arc-evaporation method only pro‐
duced only multiwall nanotubes. After some research, it was found that the addition of met‐
als such as cobalt to the graphite electrodes resulted in extremely fine single wall nanotubes.
The synthesis in 1993 of single-walled carbon nanotubes (SWNTs) was a major event in the
development of CNTs. Although the discovery of CNTs was an accidental event, it opened
the way for a flourishing research into the properties of CNTs in labs all over the world,
with many scientists demonstrating promising physical, chemical, structural, and optical
properties of CNTs.
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CNTs exhibit a great range of remarkable properties, including unique mechanical and elec‐
trical characteristics. These remarkable high modulus and stiffness properties have led to
the use of CNTs to reinforce polymers in the past few years. Both theoretical (e.g. molecular
structural mechanics and tight-binding molecular dynamics) and experimental studies have
shown SWCNTs to have extremely high elastic modulus (≈1 TPa) [2-3]. The tensile strength
of SWCNTs estimated from molecular dynamics simulation is ≈150 MPa [4]. The experimen‐
tal measurement of 150 MPa was found for the break strength of multi-walled carbon nano‐
tubes (MWCNTs) [5].
The remarkable properties of CNTs offer the potential for improvement of the mechanical
properties of polymers at very low concentrations. In practice, MWCNTs are preferred over
SWCNTs as the reinforcing fillers for polymers due to their lower production cost. Howev‐
er, slippage between the shells of MWCNTs would undermine the capability of the fillers to
bear the external applied load.
Mixed 1 wt.% MWCNTs with polystyrene (PS) in toluene via ultrasonication, achieved
about 36–42% increase in the elastic modulus and a 25% increase in the tensile strength of
the PS–MWCNT film compared to pure PS [6]. They found that nanotube fracture and pull‐
out are responsible for the failure of the composite. The fracture of MWCNTs in a PS matrix
implies that certain load transfer from the PS to the nanotubes has taken place. However,
the pullout of MWCNTs from the PS matrix indicating that the PS–nanotube interfacial
strength is not strong enough to resist debonding of the fillers from the matrix. It is consid‐
ered that some physical interactions exist at the PS–MWCNT interface, thereby enabling
load transfer from the matrix to the fillers.
The additions of 0.25– 0.75 wt.% SWCNTs to polypropylene (PP) considerably its tensile
strength and stiffness as well as storage modulus. The elongation at break reduces from 493
(PP) to 410% with the addition of 0.75 wt.% filler, corresponding to -17% reduction in ductil‐
ity. At 1 wt.% SWNT, both stiffness and strength are significantly reduced due to the forma‐
tion of aggregates [7].
The morphology and mechanical properties of the melt-compounded polyamide 6 (PA6)–
MWNT nanocomposites were studied by [8]. The MWCNTs were purified by dissolving the
catalyst in hydrochloric acid followed by refluxing in 2.6 Mnitric acids to increasing the car‐
boxylic and hydroxyl groups. It was also found that with the addition of only 1 wt.%
MWCNTs, the tensile modulus and the tensile strength are greatly improved by ≈115 and
120%, respectively compared to neat PA6. The tensile ductility drops slightly from 150 to
125%. They attributed the improvements of these mechanical properties to a better disper‐
sion of MWCNTs in PA6 matrix, and to a strong interfacial adhesion between the nanofillers
and PA6 matrix which leads to favorable stress transfer across the polymer to the MWCNTs.
The influence of SWNT and carbon nanofiber additions on the mechanical performances of
silicone rubber was reported by [9]. They reported that SWCNTs are effective reinforce‐
ments for silicone rubber due to their large aspect ratio and low density. The initial modulus
(measured by fitting a straight line to the data below 10% strain) tends to increase almost
linearly with increasing filler content. The effect of SWCNT and carbon fiber additions on
the tensile ductility of silicone rubber is shown that the strain to failure drops from 325 to
275% upon loading with 1 wt.% SWCNTs, corresponding to ≈15% reduction.
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The carbon nanotube additions to polyurethane (PU) improve the mechanical properties
such as increased modulus and yield stress, without loss of the ability to stretch the elasto‐
mer above 1000% before final failure; the addition of CNTs increases the modulus and
strength of PU without degrading deformabilty. The elongation at break decreases very
slightly with CNT loading up to 17 wt.%. At this filler loading, the nanocomposite still
maintains a very high value of elongation at rupture, i.e. 1200% [10].
Theoretical prediction showed an extremely high thermal conductivity (6000 W/mK) of an
isolated SWCNTs [11]. High thermal conductivity of the CNTs may provide the solution of
thermal management for the advanced electronic devices with narrow line width. Revealed
the thermal conductivity of epoxy-based composites reinforced with 1.0 wt.% SWCNTs in‐
creased over 125% reaching a value of ~0.5 W/mK [12]. The variation of thermal conductivi‐
ty with the values of 35 and 2.3 W/mK for a densepacked mat and a sintered sample,
respectively [13]. High thermal conductivity of 42 and ~18W/mK of the aligned and the ran‐
dom bucky paper mats, respectively. However, the thermal conductivity drops significantly
by almost an order of magnitude when the aligned bucky paper mats were loaded with ep‐
oxy, the volume fraction of the aligned bucky paper composites is about 50%[14].
Developed an infiltration method to produce CNTs/epoxy composites and showed a 220%
increase in thermal conductivity (~0.61 W/mK) at 2.3 wt.% SWCNT loading, and they found
that the electrical resistance between SWCNT-polymer is more severe than that of SWCNT–
SWCNT [15]. Prepared SWCNT and MWCNT films and reported the thermal conductivity
of 1.64 and 1.51 W/mK, respectively; they concluded that the intra-tube spacing affects the
thermal transfer more significantly than that of the nanotubes themselves [16].
The thermal conductivities of composites reinforced with 1.0 wt.% SWCNTs and 4.0 wt.%
MWCNTs are 2.43 W/mK and 3.44 W/mK, respectively. Composites reinforced with the un‐
purified CNTs have higher thermal conductivity than that of the purified CNTs reinforced
composite. This is attributed to the generation of defects on the CNT surface during acid
treatment. Moreover, due to longer phonon propagation length, it is found that thermal con‐
ductivity increases with temperatures over the range from 25 to 55°C for both SWCNTs/
Poly (methyl methacrylate) PMMA and MWCNTs/PMMA composites. However, the ther‐
mal conductivities of CNT films decrease with increasing temperature, which results from
phonon scattering during transfer due to the presence of defects coupled with smaller pho‐
non mean free path at higher temperature [17].
The differences in the composite manufacturing methods, powder-(MWCNTs and ball mil‐
led SWCNTs) or liquid- (chemically treated SWCNTs) based approach, can not account for
the differences in the properties, since both methods were used for the SWNT-composites
and resulted in similar thermal behaviour [18]. Thus, they concluded that in this case, there
must be a very large interface resistance to the heat flow associated with poor phonon cou‐
pling between the stiff nanotubes and the (relatively) soft polymer matrix. In addition it is
possible that the phonon vibrations in the SWCNTs are dampened by the matrix interaction,
while in the MWCNTs the phonons can be carried in the inner walls without hindrance.
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The precise sectioning of CNTs provides an effective way to shorten carbon nanotubes with
controlled length and minimum sidewall damage [19]. For shortened nanotubes they found
that they are easily dispersed into polymer matrices, which effectively improved the perco‐
lation. The minimum CNT sidewall damage and improved percolation in short SWCNT
composites led to an obvious improvement of thermal conductivity. Hence, their research
suggests an effective way to improve dispersion of CNTs into polymer matrices and also re‐
tain the perfect electronic structure of the CNTs, resulting in desired functional materials.
Accurate measurement of the thermal conductivity of composites and nanocomposites can
be done using the transient hot-wire technique which is capable of measuring the thermal
conductivity of solid materials in an absolute way. The enhancement in the thermal conduc‐
tivity was measured as 27% in relation to the thermal conductivity of the epoxy-resin poly‐
mer, which is satisfactory taking into account the low volume fraction (28%) of the glass
fibres used in the composite [20]. They reported that when 2% by weight C-MWNT were
mixed with the epoxy-resin, the enhancement of thermal conductivity was 9% while using
both glass fibres and C-MWNT the enhancement was 48%.
For sufficient enhancement of most of the nanocomposites’ properties, the dispersion of the
CNTs should be very fine in the polymer matrix, which means that the surface of interaction
between the filler and the matrix should be optimised. However, this is difficult to achieve
since their long length results in them becoming entangled. Moreover, their very large sur‐
face-to-volume ratio and strong van der Waals interactions keep them tied together, which
in most cases leads to the formation of large agglomerates in polymer matrices. The interfa‐
cial adhesion between CNTs and the polymeric matrix is also crucial. In order to increase
the interfacial adhesion between the polymer and the CNTs various routes of surface modi‐
fication of the nanotubes have been considered. One is non-covalent functionalisation of
molecules and the other is covalent functionalisation from the walls of the nanotubes. Non-
covalent functionalisation is based on weak Van der Waals forces [21]. The advantage of
non-covalent functionalisation is that the perfect structure of the nanotubes is not altered
while the covalent attachment can greatly improve the load transfer to the matrix; however,
it usually introduces structural defects on the nanotubes’ surface.
Although both probe style and bath style ultrasonic systems can be used for dispersing
CNTs, it is widely believed that the probe style ultrasonic systems work better for dispers‐
ing CNTs [22]. It is also widely known that adding a dispersing reagent (surfactant) into the
solution will accelerate the dispersion effect.
The most common procedure used for covalent attachment of reactive groups is the treat‐
ment with inorganic acids. Usually the nanotubes are refluxed with a nitric acid solution or
a mixture of nitric and sulfuric acid, sometimes concurrently with the application of high
power sonication [23]. These oxidative treatments usually result in shortening of the CNTs’
length and formation of surface reactive groups, such as hydroxyl, carbonyl and mainly car‐
boxylic acid. Oxidation of the nanotubes starts at the tips and gradually moves towards the
central part of the tube and the layers are removed successively [24].
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The synthesized carbon nanotubes usually exist as agglomerates of the size of several hun‐
dred micrometers [25]. Such entanglements make it difficult to disperse nanotubes uniform‐
ly in a polymer matrix. To overcome the dispersion problem, it is necessary to tailor the
chemical nature of the nanotube surface. One of the most straightforward methods for nano‐
tube dispersion is direct mixing; however, it does not always yield a homogeneous distribu‐
tion of nanotubes because of the lack of compatibility between the MWCNTs and polymer
matrix. Solution processing has been a commonly used method in fabrication of the well-
dispersed carbon nanotube composites. However, it is hard to achieve homogeneous disper‐
sion of nanotubes in a polymer matrix because carbon nanotubes are insoluble and bundled.
Chemical functionalization of the MWCNTs surface increases the interfacial interaction be‐
tween MWCNTs and the polymer matrix. This enhances the adhesion of the MWCNTs in
various organic solvents and polymers, reduces the tendency to agglomerate, and improves
dispersion. The improved interactions between MWCNTs and the polymer matrix govern
the load-transfer from the polymer to the nanotubes and, hence, increase the reinforcement
efficiency. Attachment of oxygen containing functional groups (i.e., carboxyl groups, car‐
bonyl groups, hydroxyl groups, etc.) on the surface of the MWCNTs could be achieved by
applying several chemical treatments.
The chemically functionalized MWCNTs can be easily mixed with the polymer matrix. Acid
treatment of the nanotube is an especially well-known technique to remove catalytic impuri‐
ties, generate functional groups on open ends or sidewalls of nanotubes, and facilitate good
dispersion of MWCNTs in polymeric solutions or melts.
The emergence of thermoplastic elastomers (TPEs) is one of the most important develop‐
ments in the area of polymer science and technology. TPEs are a new class of material that
combines the properties of vulcanized rubber with the ease of processability of thermoplas‐
tics [26]. Thermoplastic elastomers can be prepared by blending thermoplastic and elasto‐
mers at a high shear rate. Thermoplastics, for example, polypropylene (PP), polyethylene
(PE) and polystyrene (PS), and elastomers, such as ethylene propylene diene monomer
(EPDM), natural rubber (NR) and butyl rubber (BR), are among the materials used in ther‐
moplastic elastomer blends.
Blends of natural rubber (NR) and polypropylene (PP) have been widely reported by previ‐
ous researchers [26]. According to them, polypropylene is the best choice for blending with
natural rubber due to its high softening temperature (150°C) and low glass transition tem‐
perature (-60°C, is Tg for NR), which makes it versatile in a wide range of temperatures.
Even though NR and PP are immiscible, their chemical structure is nearly the same. Thus,
stable dispersion of NR and PP is possible. Incompatibility between NR and PP can be over‐
come by the introduction of a compatibiliser that can induce interactions during blending.
Compatibility is important as it may affect the morphology, mechanical and thermal proper‐
ties of the blends. Among the commonly used compatibilisers are dicumyl peroxide (DCP),
m-phenylene bismaleimide (HVA-2) and liquid natural rubber (LNR). Apart from compati‐
bility, mixing torque and curing are interrelated in determining the homogeneity of the
TPNR blend.
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Mechanical blending of PP and NR with the addition of LNR as a compatibiliser has been
reported to be optimal at a temperature of 175-185°C and a rotor speed of 30-60rpm. The
percentage of LNR used depends on the ratio of NR to PP. For a NR:PP ratio of 30:70 the
best physical properties are obtained at 10% LNR [27]. The compatibiliser helps to induce
the interaction between the rubber and plastic interphase and thereby increases the homoge‐
neity of the blend.
MWCNTs/TPNR composites with different amounts of MWCNT were prepared and their
thermal properties have been investigated by [28]. The higher thermal conductivity was ach‐
ieved in the samples with 1 and 3wt% of MWCNTs compared to the pristine TPNR. Any
sample with MWCNTs content higher than 3wt% caused the conductivity to decrease. In
addition, the improvement of thermal diffusivity and specific heat was also achieved at the
same percentage. DMA confirmed that the glass transition temperature (Tg) increased with
the increase in the amount of MWCNTs.
The tensile strength, tensile modulus, and also the impact strength of TPNR/MWCNTs are
improved significantly while sacrificing high elongation at break by incorporating
MWCNTs. The reinforcing effect of MWCNTs was also confirmed by DMA where the addi‐
tion of nanotubes has increased the storage modulus, the loss modulus, and also the glass
transition temperature (Tg). Homogeneous dispersion of MWCNTs throughout the TPNR
matrix and strong interfacial adhesion between MWCNTs and matrix as confirmed by SEM
images are proposed to be responsible for the significant mechanical enhancement [29].
The reinforcing effect of two types of MWCNTs has also confirmed by dynamic mechanical
analysis where the addition of nanotubes have increased in the storage modulus E', and the
loss modulus E'', in the addition the glass transition temperature (Tg) increased with an in‐
crease in the amount of MWCNTs. The addition of MWCNTs in the TPNR matrix improved
the mechanical properties. The tensile strength and elongation at break of MWCNTs 1 in‐
creased by 23%, and 29%, respectively. The Young's modulus had increased by increasing
the content of MWCNTs. For MWCNTs 2 the optimum result of tensile strength and
Young's modulus was recorded at 3% which increased 39%, and 30%, respectively. The laser
flash technique was used to measure the thermal conductivity, thermal diffusivity and spe‐
cific heat, from the results obtained. The high thermal conductivity was achieved at 1 wt%
and 3 wt% of MWCNTs compared with TPNR after 3 wt% it decreased, also the improve‐
ment of thermal diffusivity and specific heat was achieved at the same percentage. The
MWCNTs 1 and 2/TPNR nanocomposites were fabricated and the tensile and properties
were measured [30].
In this chapter, the effect of multi-walled carbon nanotubes with and without acid treatment
on the properties of thermoplastic natural rubber (TPNR) was investigated. Two types of
MWCNTs were introduced into TPNR, which are untreated multi-walled carbon nanotubes
(UTMWCNTs) (without acid treatment) and treated multi-walled carbon nanotubes
(TMWCNTs) (with acid treatment). Using this method, MWCNTs are dispersed homogene‐
ously in the TPNR matrix in an attempt to increase the properties of these nanocomposites.
The effect of MWCNTs on the mechanical and thermal properties of TPNR nanocomposites
is reported in this chapter.
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2. Experiment Details
Polypropylene, with a density of 0.905 g cm-3, was supplied by Propilinas (M) Sdn. Bhd,
natural rubber was supplied by Guthrie (M) Sdn. Bhd, and polypropylene (PP) with a densi‐
ty of 0.905 g/cm3 was supplied by Polipropilinas (M) Sdn. Bhd were used in this research.
Maleic anhydride–grafted–polypropylene (MAPP) with a density of 0.95 g/cm3 was sup‐
plied from Aldrich Chemical Co., USA. Liquid natural rubber (LNR) was prepared by the
photochemical degradation technique.
A Multi-walled carbon nanotubes (MWCNTs) were provided by Arkema (Graphis‐
trengthTM C100). Table 1 shows the properties of multi-walled carbon nanotubes
(MWCNTs).
MWCNTs Purity Length Diameter Manufactured
MWCNTs "/90% 0.1-10 μm 10-15 nm.
Catalytic Chemical Vapour
Deposition
(CVD)
Table 1. Properties of multi-walled carbon nanotubes (MWCNTs).
2.1. Preparation of TPNR-Multi-Walled Carbon Nanotubes (MWCNTs) Composite
Mixing was performed by an internal mixer (Haake Rheomix 600P). The mixing tempera‐
ture was 180°C, with a rotor speed of 100 rpm and 13 min mixing time. The indirect techni‐
que (IDT) was used to prepare nanocomposites, this involved mixing the MWCNTs with
LNR separately, before it was melt blended with PP and NR in the internal mixer. TPNR
nanocomposits were prepared by melt blending of PP, NR and LNR with MWCNTs in a ra‐
tio of 70 wt% PP, 20 wt% NR and 10wt% LNR as a compatibiliser and 1,3,5 and 7%
MWCNTs.
2.2. Acid Treatment of MWCNTs
Two types of MWCNTs were introduced to the TPNR which is untreated MWCNTs
(MWCNTs 1) and treated MWCNTs (MWCNTs 2), MWCNTs 2 were treated by immersing
neat MWCNTs in a mixture of nitric and sulfuric acid with a molar ratio of 1:3, respectively.
In a typical experiment, 1g of raw MWCNTs was added to 40ml of the acid mixture. Then,
the oxidation reaction was carried out in a two-necked, round-bottomed glass flask equip‐
ped with reflux condenser, magnetic stirrer and thermometer. The reaction was carried out
for 3 hours at 140°C. After that, this mixture was washed with distilled water on a sintered
glass filter until the pH value was around 7, and was dried in a vacuum oven at 70°C for
24hours [31].
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2.3. Characterizations
Fourier transform infrared (FTIR) spectroscopy analysis was carried out on the Perkin Elmer
spectrum V-2000 spectrometer by the potassium bromide (KBr) method for MWCNTs. The
samples were scanned between 700 to 4000 cm-1 wave number. Differences in the peaks as
well as the new peaks of MWCNTs and MWCNTs after acid treatment were observed to
identify any functional groups on the MWCNTs tubes surface.
The tensile properties were tested using a Testometric universal testing machine model
M350-10CT with 5 kN load cell according to ASTM 412 standard procedure using test speci‐
mens of 1 mm thickness and a crosshead speed 50 mm min-1. At least five samples were
tested for each composition, and the average value was reported.
The impact test was carried out using a Ray Ran Pendulum Impact System according to ASTM
D 256-90b. The velocity and weight of the hammer were 3.5m/s and 0.898kg, respectively.
Dynamic mechanical analysis for determining the glass transition temperature, storage and
loss modulus was carried out using DMA 8000 (PerkinElmer Instrument), operating in sin‐
gle cantilever mode from -100 to 150°C at a constant frequency of 1 Hz, with a heating rate
of 5°C/min. The dimensions of the samples were 30 x 12.5 x 3 mm.
The thermal conductivity was measured by a laser flash method. Disk-type samples (12.7
mm in diameter and 1mm in thickness) were set in an electric furnace. Specific heat capaci‐
ties were measured with a differential scanning calorimeter DSC. Thermal diffusivity (λ,
Wm_1 K_1) was calculated from thermal diffusivity (α, m2 s_1), density (ρ, g cm_3) and spe‐
cific heat capacity (Cp, J g_1 K_1) at each temperature using the following:
λ =α. ρ. C. (1)
The reference used for the heat capacity calculation was a 12.7mm thick specimen of pyro‐
ceram. The reference sample was coated with a thin layer of graphite before the measure‐
ment was performed. The thermal conductivity of MWCNTs reinforced TPNR matrix
composites of all volume fractions was studied from 30°C to 150°C. The morphology of the
MWCNTs and the composite were examined using a scanning electron microscope (Philips
XL 30). The samples were coated with a thin layer of gold to avoid electrostatic charging
during examination.
3. Results and Discussion
3.1. Fourier-Transform Infrared Spectroscopy
The method used to functionalize the pristine MWCNTs in this study was the acid treatment
method, which is described in section 2.2. Through this process, MWCNTs were oxidized and
purified by eliminating impurities such as amorphous carbons, graphite particles, and metal
catalysts [32]; the functional group of the surface of the CNTs are as shown in Figure 1.
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The generation of chemical functional groups on MWCNTs was confirmed using Fourier
transform infrared spectroscopy (FT-IR) spectra which were recorded between 400 cm_1
and 4000 cm_1.
The FT-IR spectra of pure MWCNTs and the surface treated MWCNTs are shown in Figure.
2 and Figure 3. The characteristic bands due to generated functional groups are observed in
the spectrum of each chemically treated MWCNTs. In figure 2 we could not see any band
compared with the treated MWCNTs. The acid treated MWCNTs shows new peaks in com‐
parison with the FT-IR spectrum of the untreated MWCNTs, which lack the hydroxyl and
carbonyl groups. The peaks around 1580 cm_1 are assigned to the O–H band in C-OH, and
the peaks at 674 cm-1 are assigned to COOH, as shown in Figure 3. This demonstrates that
hydroxyl and carbonyl groups have been introduced on the nanotube surface [33].
Figure 1. Example of chemical functionalization of carbon nanotubes.
Figure 2. FTIR spectra of MWCNTs (before acid treatment).
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Figure 3. FTIR spectra of MWCNTs (after acid treatment).
3.2. Transmission Electron Microscopy (TEM)
TEM microphotographs of pure MWCNTs are shown in Figure 4 (A and B). The figure
presents unmodified MWCNTs containing particles with diameters of 5–12 nm. The nano‐
particles may be impurities from amorphous carbon and can be removed by acid treatment.
According to the supplier, the unmodified MWCNT contains approximately 5% amorphous
carbon. Figure 4 B demonstrates that most of the nanoparticles were deposited on the sur‐
face of the carbon nanotubes and some of them were dispersed throughout the solution
used to view the MWCNTs by TEM.
Figure 4. TEM micrograph of Pure MWCNTs before acid treatment with different magnifications (A) 45000 (B)
100000.
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Figure 5 (A and B) displayed no nanoparticles in the acid-modified MWCNTs. The particles
might have been removed during acid modification. This reveals that the acid-modified
MWCNTs were straight and that some of them aggregated in bundles, which were dis‐
persed well in the matrix. The length of the MWCNTs were reduced during acid modifica‐
tion, since the mixed acid corroded the MWCNTs. TEM microphotographs of the
unmodified and acid-modified, curled and entangled MWCNTs demonstrate that the
MWCNTs are straight.
Figure 5. TEM micrograph of MWCNTs after acid treatment with different magnifications (A) 45000 (B) 100000.
3.3. Mechanical Properties
3.3.1. Tensile strength
The tensile strengths of TPNR reinforced with MWCNTs (with and without treatment) of
different percentages (1%, 3%, 5% and 7%) are shown in Figure 6. Generally, both MWCNTs
exhibited an increasing trend up to 3wt% content. Further increments in MWCNTs content
decreased the tensile strength compared to the optimum filler loading.
From Figure 6, TPNR with UTMWCNTs and TMWCNTs have optimum results at 3 wt%,
which, compared with TPNR, increased by 23% and 39%, respectively. The tensile strength
increased radically as the amount of MWCNTs concentration increased. The mechanical
performance, such as tensile properties, strongly depends on several factors such as the
properties of the filler reinforcement and matrix, filler content, filler length, filler orientation,
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and processing method and condition. The improvement in the tensile strength may be
caused by the good dispersion of MWCNTs in the TPNR matrix, which leads to a strong in‐
teraction between the TPNR matrix and MWCNTs. These well-dispersed MWCNTs may
have the effect of physically crosslinking points, thus, increasing the tensile strength.
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Figure 6. Tensile strength of TPNR reinforced with MWCNTs (with and without treatment).
A good interface between the CNTs and the TPNR is very important for a material to stand
the stress. Under load, the matrix distributes the force to the CNTs, which carry most of the
applied load. The order of these value is TPNR/TMWCNTs > TPNR/UTMWCNTs > TPNR.
The better properties in tensile strength for the TPNR/TMWCNTs nanocomposites could be
due to the improved dispersion of the MWCNTs, as well as the response to the opportuni‐
ties offered by the acid treated MWCNTs. Furthermore, the MWCNTs after acid treatment
contain many defects as well as acidic sites on CNTs, such as carboxylic acid, carbonyl and
hydroxyl groups. These will greatly enhance the combination of CNTs in a polymer matrix,
thus improving the mechanical strength of the nanocomposites [34]. When the content of
MWCNTs is higher, the MWCNTs cannot disperse adequately in the TPNR matrix and ag‐
glomerate to form a big cluster. This is because of the huge surface energy of MWCNTs as
well as the weak interfacial interaction between MWCNTs and TPNR, which leads to inho‐
mogeneous dispersion in the polymer matrix and negative effects on the properties of the
resulting composites that cause a decrease in the tensile strength [35].
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3.3.2. Young's Modulus
Figure 7 shows the effect of filler content on the tensile modulus of TPNR reinforced by
TMWNTs and UTMWCNTs. The same trend as for the tensile strength in Figure 6 was ob‐
served for the tensile modulus of TMWCNTs. Figure 6 clearly shows that the presence of
MWCNTs has significantly improved the tensile modulus of the TPNR.
The remarkable increase of Young's modulus with TMWCNTs content shows a greater im‐
provement than that seen in the tensile strength at high content, which indicates that the
Young’s modulus increases with an increase in the amount of the TMWCNTs. At 3 wt% of
TMWCNTs the Young’s modulus is increased by 34 % compared to TPNR. The Young's
modulus of UTMWCNTs increased with the increase in the amount of UTMWCNTs. The
maximum result was achieved at 3wt%, with an increase of about 22%, which was due to
the good dispersion of nanotubes displaying perfect stress transfer [36].The improvement of
modulus is due to the high modulus of MWCNTs [37]. The further addition of TMWCNTs
and UTMWCNTs from 5 to 7 wt% increased the Young modulus dropped respectively.
As explained before, a reduction in performance occurred at higher filler contents for both
types of MWCNTs, as depicted in Figure 7. Initially it increases with filler content and then
decreases when exceeding the filler loading limit due to the diminishing interfacial filler-
polymer adhesion. It is assumed that aggregates of nanotube ropes effectively reduce the as‐
pect/ratio (length/diameter) of the reinforcement.
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Figure 7. Young's Modulus of TPNR reinforced with MWCNTs (with and without treatment).
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3.3.3 Elongation at Break
The elongation at the break of TPNR with TMWCNTs and UTMWCNTs is shown in Figure
8. For TMWCNTs and UTMWCNTs, the elongation at break decreased with the increase in
the amount of MWCNTs, compared with TPNR.
It can be deduced that the reinforcing effect of MWCNTs is very marked. As the MWCNTs
content in the TPNR increases, the stress level gradually increases, however, the strain of the
nanocomposites decreased at the same time. This is because the MWCNTs included in the
TPNR matrix behave like physical crosslinking points and restrict the movement of polymer
chains. This indicates that, when the amount of CNTs incorporated into the rubber increase
it tends to decrease the ductility and the material become stronger and tougher, however, at
the same time, it is also
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Figure 8. Elongation at Break of TPNR reinforced with MWCNTs (with and without treatment).
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3.3.4 Impact Strength
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Figure 9. Impact Strength of TPNR reinforced with MWCNTs (with and without treatment).
The effect of filler loading on the impact strength of TPNR/TMWCNTs and TPNR/
UTMWCNTs nanocomposites is given in Figure 9. It shows that incorporation of MWCNTs
into TPNR considerably affects the impact strength of TPNR nanocomposites.
The results exhibited better impact strength for TMWCNTs and UTMWCNTs at 3 wt% with
an increase of about 82% and 46%, respectively. This is due to the better dispersion of car‐
bon nanotubes in the matrix, which generated a significant toughening effect on the TPNR/
TMCWNTs nanocomposite compared with TPNR/UTMWCNTs nanocomposites. However,
when the load is transferred to the physical network between the matrix and the filler, the
debonding of the chain segments from the filler surface facilitates the relaxation of the ma‐
trix entanglement structure, leading to higher impact toughness.
The low impact energy was attributed to the filler content being more than 3wt%. This will
reduce the ability of reinforced composites to absorb energy during fracture propagation.
However, in the case of elastomer-toughened polymer, the presence of the elastomer basi‐
cally produces stress redistribution in the composite, which causes micro cracking or craz‐
ing at many sites, thereby resulting in a more efficient energy dissipation mechanism [38].
Consequently, because of their higher surface energy and large aspect ratio, it will be diffi‐
cult for the nanotubes to disperse in the TPNR when the TMWCNTs and UTMWCNTs con‐
tent are higher. This will lead to less energy dissipating in the system due to the poor
interfacial bonding and induces micro spaces between the filler and polymer matrix. This
causes micro-cracks when impact occurs, which induces easy crack propagation. Therefore,
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the higher agglomeration of MWCNTs can cause the mechanical properties of the compo‐
sites to deteriorate [39].
3.4. Thermal Properties
3.4.1. Glass Transition Temperature
The dynamic mechanical data shows that the glass transition temperature of the TPNR/
UTMWCNTs and TPNR/TMWCNTs is affected by the addition of the different amounts of
MWCNTs, as depicted in Figure 10.
From the figures, the Tg for the TPNR/TMWCNTs nanocomposites is higher than the corre‐
sponding temperature for the TPNR and TPNR/UTMWCNTs nanocomposites, usually the
Tg of a polymeric matrix tends to increase with the addition of carbon nanotubes. The rise in
Tg in any polymeric system is associated with a restriction in molecular motion, reduction in
free volume and/or a higher degree of crosslinking (TPNR/TMWCNTs > TPNR/
UTMWCNTs) due to the interactions between the polymer chains and the nanoparticles,
and the reduction of macromolecular chain mobility.
With the high amount of MWCNTs (after 3wt %) of TMWCNTs and UTMWCNTs the Tg
drops. This might be due to the phase separation/agglomeration of MWCNTs, this allows
the macromolecules to move easily. When the content of MWCNTs is higher, the MWCNTs
congregate, possibly because the intrinsic van der Waals forces occurs, which leads to bub‐
bles and small aggregates. The conglomerations and matrix holes existing in the network of
MWCNTs may perform as defects, which make the macromolecules move easily, and the Tg
of the matrix is decreased.
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Figure 10. Glass Transition Temperature of TPNR reinforced with MWCNTs (with and without treatment).
3.4.2. Thermal Conductivity
To study the effect of MWCNTs filler on thermal conductivity, the temperature was varied
from (30 – 150) °C. The carbon filler loading was from 1wt% to 7wt% for two types of carbon
nanotubes (UTMWCNTs and TMWCNTs). Introducing MWCNTs to TPNR can significantly
enhance the thermal conductivity of the TPNR matrix, as shown in Figure 11 and Figure 12.
As shown in figure 11 at 30°C the thermal conductivity of TPNR/TMWCNTs composites,
Thermal conductivity increased at 3wt% compared to 1wt%, 5wt% and 7wt%, respectively,
and for TPNR/UTMWCNTs, the thermal conductivity increased at 3wt%, as compared to
TPNR at the same temperature as shown in figure 12. Thermal transport in the CNT compo‐
sites includes phonon diffusion in the matrix and ballistic transportation in the filler.
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Figure 11. Thermal Conductivity of TPNR reinforced with UTMWCNTs.
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Figure 12. Thermal Conductivity of TPNR reinforced with TMWCNTs.
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The improvement in thermal conductivity in TMWCNTs/TPNR may stem from the im‐
proved percolation because of the better dispersion and formation of a network [40]. The
dispersion of 1wt% and 3wt% TMWCNTs is better than 5wt% and 7wt% in TPNR, at 5%
and 7% the TMWCNTs agglomerated inside TPNR. Therefore, the large amounts of junc‐
tions among the carbon nanotubes form a single conducting path, which is believed to be
the reason why the measured thermal conductivity is low. For the UTMWCNTs the conduc‐
tivity at 3wt% and 1wt% is better than 5wt% and 7wt%, respectively.
The significant enhancement in the thermal conductivity of CNT nanocomposites is possi‐
bly attributed to the kinks or twists of UTMWCNTs. When the phonon travels along the
nanotubes, if it meets the kinks or twists it would be blocked at those sites. The existence
of such kinks or twists in CNTs would lead to a decrease in the effective aspect ratio of the
nanotubes [41] when the amount of UTMWCNTs increases, and, thus, the thermal conduc‐
tivity of UTMWCNTs-TPNR nanocomposites would be reduced. Therefore, the acid treat‐
ment of MWCNTs in TPNR could reduce these kinks or twists of TMWCNTs due to the
good dispersion of MWCNTs in TPNR, causing the thermal conductivity of the nanocom‐
posites to increase.
Two factors have been proposed to explain the significant enhancement of thermal conduc‐
tivity with TMWCNTs (1) the rigid linkage between TMWCNTs and TPNR matrix with pro‐
vides good interface compatibility which may reduce interface thermal resistance; (2) the
good interface compatibility allows TMWCNTs to disperse well in the matrix, consequently,
the results of the TEM indicate that TMWCNTs possess good dispersion and good compati‐
bility in the TPNR matrix.
The formation of the UTMWCNTs bundles restrict the phonon transport in composites,
which maybe be attributed to two reasons (1) the UTMWCNTs aggregation reduces the as‐
pect ratio, consequently, decreasing the contact area between the UTMWCNTs and the
TPNR matrix; (2) the UTMWCNTs bundles cause the phenomenon of reciprocal phonon
vector, which acts like a heat reservoir and restricts heat flow diffusion.
The resistance to phonon movement from one nanotube to another through the junction
will  hinder phonon movement and, hence, limit the thermal conductivity. The low ther‐
mal conductivity could be partly due to the non-uniform diameter and size, as well as, the
defects in and the nano-scale dimension of UTMWNTs. However, the numerous junctions
between carbon nanotubes involved in forming a conductive path and the exceptionally
low thermal conductance at the interface [42] are believed to be the main reason for the
low thermal conductivity.
The effect of reducing the thermal conductivity is the transfer of phonons from nanotube to
nanotube. This transition occurs by direct coupling between CNTs, in the case of the im‐
proper impregnated ropes, CNT-junctions and agglomerates, or via the matrix. In all these
cases, the transition occurs via an interface and, thus, the coupling losses can be attributed to
an intense phonon boundary scattering. At the same time the thermal conductivity decreas‐
es with the increase in temperature (if the temperature is near the melting point of the ma‐
trix). This indicates that the thermal conductivity of the composites is dominated by the
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interface thermal transport between the nanotube/matrix or nanotube/nanotube interface.
Thus, it is believed that the decreased effective thermal conductivity of the studied compo‐
sites could be due to the high interface thermal resistance across the nanotube/matrix or
nanotube/nanotube interfaces.
As shown in Figure 11 and Figure 12, the thermal conductivity of TMWCNTs reinforced
TPNR matrix composites for all volume fractions studied from 30°C to 150°C is better than
UTMWCNTs. The effect of temperature on the thermal conductivity is clear from 30°C to
90°C, as shown in the figures. This is because of the opposing effect of temperature on the
specific heat and thermal diffusivity. Eventually, at high temperatures, as the phonon mean
free path is lowered, the thermal conductivity of the matrix approaches the lowest limit and
the corresponding thermal resistivity approaches the highest limit.
3.4.3. Morphological Examination
The TEM can observe the morphology of UTMWCNTs/TPNR and TPNR/TMWCNTs nano‐
composites, which indicates the dispersion abilities of MWCNTs in TPNR matrix before and
after treatment of MWCNTs, which summarizes the TEM images of TPNR with 1wt%, 3wt%
and 7wt% UTMWCNTs as shown in figure 12-14. Figure 13 shows the good dispersion of
3wt% of UTMWCNTs inside TPNR, and exhibits the better interfacial adhesion of
UTMWCNTs and TPNR, Figure 14, 7wt% of UTMWCNTs, shows the poor dispersion and
the large UTMWCNTs agglomerates of UTMWCNTs. This is because of the huge surface en‐
ergy of MWCNTs, as well as, the weak interfacial interaction between UTMWCNTs and
TPNR, which leads to inhomogeneous dispersion in the polymer matrix and negative effects
on the properties of the resulting composites that causes a decrease in the tensile strength.
This supports our results for thermal behavior, which due to the kinks or twists of CNTs can
affect the thermal conductivity. Therefore, so when the phonon travels along the nanotube
and the phonon meets the kinks or twists, it could be blocked at those sites. The existence of
those kinks or twists in CNTs would result in a decrease in the effective aspect ratio of nano‐
tubes at 7wt% UTMWCNTs because of agglomeration compared with 3wt% of MWCNTs
due to the good dispersion. The homogenous dispersion of TMWCNTs in the composites is
confirmed by TEM after acid treatment. Figure 15 shows the 3% TMCWNTs, which are very
well dispersed in the matrix, there by suggesting a strong polymer nanotubes interfacial.
Strong interfacial adhesion is essential for efficient stress transfer from the matrix to the
nanotubes; this supports our observation that the higher efficiency of carbon nanotubes as‐
sists in enhancing the properties of TPNR. Low magnification was necessary to observe the
poor dispersion of 7wt% of TMWCNTs in TPNR as depicted in Figure 17. The figure clearly
shows a large number of unbroken carbon nanotubes but less than Figure 14, indicating a
poor polymer/nanotube adhesion which is attributed to the reduction in the properties of
TPNR/MWCNTs nanocompsites.
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Figure 13. TPNR with 1wt% UTMWCNTs.
Figure 14. TPNR with 3wt% UTMWCNTs.
Figure 15. TPNR with 7wt% UTMWCNTs.
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Figure 16. TPNR with 1wt% TMWCNTs.
Figure 17. TPNR with 3wt% TMWCNTs.
Figure 18. TPNR with 7wt% TMWCNTs.
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4. Conclusion
Recently, it is believed that single-wall carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), coiled nanotubes and carbon nanofibers (CNFs) can be used as filler
in the polymer matrix leading to composites with many enhanced properties, especially in
mechanical properties. Furthermore, the inclusion of CNTs in a polymer holds the potential
to improve the mechanical, electrical or thermal properties by orders of magnitude well
above the performance possible with traditional fillers. In addition many researchers re‐
vealed that using functionalized MWCNTs or surface modification of MWCNTs as filler en‐
hanced the properties of nanocomposites. This enhancement was probably suggested
because of the homogenous dispersion and stronger interaction between the MWCNTs and
the polymer matrix. After being treated with an acid, some functional groups were intro‐
duced onto the MWCNTs surface, which can form a physical interaction with the polymer
chain. In this chapter, the effect of multi-walled carbon nanotubes with and without acid
treatment on the properties of thermoplastic natural rubber (TPNR) was investigated. Two
types of MWCNTs were introduced into TPNR, which are untreated UTMWCNTs (without
acid treatment) and treated TMWCNTs (with acid treated MWCNTs). The acid treatment of
MWCNTs removed catalytic impurities and generated functional groups such as hydroxyl,
carbonyl and mainly carboxylic acid.
The results in this chapter show that the properties of MWCNTs can be improved by using
this method. The TEM micrograph has shown that the effect of acid treatment has rough‐
ened the MWCNTs surface and also reduced the agglomeration. Various functional groups
have been confirmed using FTIR. The TPNR nanocomposite was prepared using the melt
blending method. MWCNTs are incorporated in the TPNR nanocomposite at different com‐
positions which is 1, 3, 5 and 7 wt%. The addition of MWCNTs in the TPNR matrix im‐
proved the mechanical properties. At 3wt%, the tensile strength and Young's modulus of
TPNR/UTMWCNTs increased 23% and 22%, respectively. For TPNR/TMWCNTs the opti‐
mum result of tensile strength and Young's modulus was recorded at 3% which increased
39% and 34%, respectively. In the addition the elongation of break decreased by increasing
the amount of both types of MWCNTs.
The results exhibited better impact strength for UTMWCNT and TMWCNT at 3 wt% with
an increase of almost 46 % and 82%, respectively. The reinforcing effect of two types of
MWCNTs  was  also  confirmed  by  dynamic  mechanical  analysis  where  the  addition  of
MWCNTs have increased in the glass transition temperature (Tg) with an increase in the
amount of MWCNTs (optimum at 3wt %) and it increased with the TMWCNTs more than
the  UTMWCNTs.  Thermal  conductivity  improved  with  TMWCNTs  compared  to  the
UTMWCNTs. The homogeneous dispersion of two types of the MWNTs throughout the
TPNR matrix and strong interfacial adhesion between the MWCNTs and the matrix as con‐
firmed by the TEM images are proposed to be responsible for the significant mechanical
enhancement.
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